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ABSTRACT 
 
Characterization of Individual Nanoparticles and Applications of Nanoparticles in Mass 
Spectrometry. (May 2010) 
Sidhartha Raja Rajagopal Achary, B.S., Wichita State University 
Chair of Advisory Committee:  Dr. Emile A. Schweikert  
 
 The chemical characterization of individual nanoparticles (NPs) ≤ 100 nm in 
diameter is one of the current frontiers in analytical chemistry. We present here, a 
methodology for the characterization of individual NPs by obtaining molecular 
information from single massive cluster impacts. The clusters used in this secondary ion 
mass spectrometry (SIMS) technique are Au400
4+ and C60
+. The ionized ejecta from each 
impact are recorded individually which allows to identify ions emitted from a surface 
volume of ~10 nm in diameter and 5-10 nm in depth. The mode of analyzing ejecta 
individually from each single cluster impact gives insight into surface homogeneity, in 
our case NPs and their immediate surroundings.  
 We show that when the NPs (50 nm Al) are larger than the size of the volume 
perturbed by the projectile, the secondary ion emission (SI) resembles that of a bulk 
surface. However, when the NP (5 nm Ag) is of the size range of the volume perturbed 
by projectile the SI emission is different from that of a bulk surface.  As part of this sub-
assay volume study, the influence of neighboring NP on the SI emission was examined 
by using a mixture of different types of NPs (5 nm Au and 5 nm Ag). The methodology 
iv 
 
of using  cluster SIMS via a sequence of stochastic single impacts yield information on 
the surface coverage of the NPs, as well as the influence of the chemical environment on 
the type of SI emission. We also present a case of soft landing NPs for laser desorption 
ionization mass spectrometry. NPs enhance the SI emission in a manner that maintains 
the integrity of the spatial distribution of molecular species. The results indicate that the 
application can be extended to imaging mass spectrometry. 
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CHAPTER I 
INTRODUCTION 
 
  Many nano words have recently appeared in dictionaries, including nanoscale, 
nanocience, nanotechnology, nanostructures, nanotube, nanowire and nanorobot. The 
prefix "nano" is derived from the Greek word "nanos" meaning "dwarf". 
Nanotechnology, which is producing nanoscale objects and carrying out nanoscale 
manipulations, has been around for quite some time.  While there are some exceptions, 
most of properties of the nanostructures begin to be apparent in systems smaller than 1 
µm. Recent advances in synthesis and characterization tools, however, have fueled a 
boom in the study and industrial use of nanostructured materials. The number of 
publications on the topic of nanomaterials has increased at an exponential rate since the 
early 1990s, reaching about 40 000 in the year 2005, as indicated by a search on the ISI 
Web of Knowledge database.1 The large number of publications on nanomaterials can be 
explained by the fact that nanoscience and nanotechnology encompass a wide range of 
fields, including chemistry, physics, materials engineering, biology, medicine, and 
electronics.  Nanoparticles (NPs) are a major part of nanoscience and nanotechnology. 
They offer a useful platform demonstrating unique properties with potentially wide-range 
of applications because their properties can be controlled at the nanoscale.  
____________ 
This dissertation follows the style of  Nano Letters. 
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Two primary factors cause nanomaterials to behave significantly differently than 
bulk materials: surface effects (large surface area to volume ratio) and quantum effects 
(showing discontinuous behavior due to quantum confinement effects in materials with 
delocalized electrons). These factors affect the chemical reactivity of materials, as well 
as their mechanical, optical, electric, and magnetic properties. In electronics they are 
used as components in devices to molecular machines, as nanomagnets that store 
information2 for superfast computers and as nanowires will string together 
nanoelectronic circuits.3,4 The purpose of this study is to provide a methodology for the 
characterization of NPs and their role in mass spectrometry. Prior to the presentation of 
the methodology and the role of NPs in mass spectrometry, it is useful to recall the scope 
of NPs in science and technology. Here we present a brief review.  
 
Literature Review of the Use of NPs 
NPs as Catalyst 
 In heterogeneous catalysis, metal NPs have been used for over 50 years.5 The 
majority of the industrial catalysts are high-surface-area solids onto which an active 
component is dispersed in the form of very small particles. One of the first processes to 
use such catalysts is catalytic reforming for the production of reformulated gasolines.6 
Industrial catalysts containing NPs of 1 nm Pt on chlorinated alumina were introduced in 
the 1960s7 and Pt–Re or Pt–Su bimetallic catalysts (1 nm particles) in the 1970s.8 In 
hydrogenation, hydrocracking and aromatization processes, zeolites exchanged with 
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noble9,10 and non-noble metals11 are currently used. More recently metal catalysts were 
successfully employed in automotive catalytic converters.12  
 
NPs as Vectors for Drug/Gene Delivery and Therapy 
 NPs can be used for drug and gene delivery either by modifying their surface 
chemistry or by using their unique physical properties. These properties of some 
common NPs and their corresponding ligands used for surface functionalization and their 
roles in different  applications are given in Table 1.14  A transmission electron 
microscopy (TEM) study of 16 nm Au NPs conjugated with human fibroblast cells 
shows control of the uptake mechanism either via delivery of Au NPs by liposomes or by 
surface modifications of the Au NPs with cell-penetrating peptides.15 It has been shown 
that Au NPs increase the cellular mediated uptake of molecules such as transferrin. Au 
NPs conjugated with transferrin were shown to increase uptake by six times when 
compared to that in the absence of the interaction.16 Similarly, Yamada and co-workers 
used NPs made of a yeast endoplasmic reticulum membrane to transfer genes as well as 
drug into human hepatocytes,17  As seem the major advantage of using NPs as vectors to 
deliver genes or drugs over immunotargeted drugs, is the specific delivery of large 
amounts of therapeutic  agents per targeting biorecognition event.  Besides the surface 
chemistry of NPs, the unique physical properties of NPs can be utilized in the design of 
drug delivery systems. Bhatia et al. designed multifunctional supermagnetic NPs for 
remote release of bound drugs.18  NPs have been widely used as delivery vehicles for 
other biomolecules too such as DNA, RNA and proteins, protecting these materials from 
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degradation and transporting them across the cell-membrane barrier.19  
 
NPs for Biosensing/Imaging 
 It is an important goal for biomedical diagnosis, forensic analysis and 
environmental monitoring to sense and detect biological agents and diseases. Sensing can 
be done by fabricating the NPs or by functionalizing it. NPs can be used to detect 
biomolecules such as DNA. Mirkin and co-workers were the first to report colorimetric 
sensing of nucleic acids.20 Since then studies of Au-NP interactions have subsequently 
been pursued by several groups.21-24 Imaging using NPs is usually achieved by either 
quantum dots (QDs) or dye-doped NPs. The use of QDs for cell imaging was reported by 
the Alivisatos group. 25 Since then they have evolved into a routine technique for 
bioimaging systems.26 Dye-doped silica NPs can be used to provide biocompatability, 
signal amplification and low toxicity.27-28 Metallic NPs such Au NPs have excellent 
anitphotobleaching behavior under strong light illumination, resulting in strong native 
florescence under relatively high excitation power. He et al. have collected images of cell 
membrane when they were stained with Au NPs.29 NPs have also been used as 
radioactive labels since 1950s and immuno-NPs conjugated to antibodies have been 
since the 1980s for biological staining in electron microscopy.30 Their advantages over 
QDs and organic dyes include that they have much reduced or no toxicity and they offer 
better contrast for imaging. 
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NPs in Toxicology 
 Nanotoxicology is a branch of toxicology that address the adverse health effects 
caused by NPs. The reason for NP's toxicity comes from their ability to penetrate into 
cells and having adverse effects on the atmospheric environment. Peer-reviewed research 
articles on NPs and their toxicology has grown nearly 600 percent from 2000-2007, 
increasing almost exponentially across the 7-year period.31 There are several reviews 
addressing nanotoxicology aspects; some are general32-35, while other address selected 
aspects of NP toxicology. These selected areas include health effects of air pollution.36-39 
NPs in the atmosphere can also have important consequences for human health37 and the 
environment.38 They are usually released into the air directly by combustion or they may 
be formed in situ by gas-phase oxidation of precursors such as sulfur di oxide or volatile 
organic compounds. Inhalation of NPs has been shown to induce a variety of adverse 
responses associated with oxidative stress, pulmonary inflammation, or both.39 Other 
reviews focus on epidemiological exposure to NPs.40,41 NPs have also been found to 
diffuse, settle and agglomerate in cells. Makino and co-workers have found that 
permeation of AuNPs through intestine was found to be size dependant.42 They showed 
that the distribution of various sizes from 15 to 200 nm of Au NPs were mainly 
accumulated in liver, lung and spleen, whereas accumulation in various tissues depended 
on the size of the Au NP.42  There are reviews on effects of NPs in neurodegenerative 
diseases43 and occupational settings44 address the extensive effects of building 
demolitions and dust. Autoimmune diseases such as lupus eryhtematosus and 
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scleroderma can sometimes be associated with exposure to NPs, such as silica and 
asbestos.45,46  
 
NPs in Mass Spectrometry 
 NPs are also used in mass spectrometry primarily to facilitate the ion emission 
from of compounds of interest.47-53 Several different types of NPs have been used for this 
process from Co 47, TiN 50, Au 39, Ag 51 to SiO2
53. The mechanism of enhancement is not 
fully understood but mostly believed to be a thermal effect where the NPs absorb the 
laser energy and dissipate the heat to the analyte molecules .50 Rotello and co-workers 
pioneered the use of different functionalized Au NPs as mass bar codes for a multiplexed 
screening assay to monitor cellular uptake of Au NPs by cells. This method can be used 
to simultaneously analyze many Au NPs and identify them by their unique mass 
barcode.54  
 
Characterization of NPs  
 Despite the use NPs in these wide range of fields, there are only a limited amount 
of analytical tools available to characterize them. Established techniques such as TEM 
and scanning electron microscopy (SEM) are sensitive to morphology of the NPs. Other 
imaging techniques such as optical imaging (OI) can be used image NPs > 20 nm in 
diameter in phase contrast mode or differential interference contrast mode; fluorescence 
microscopy that has the benefit of detection at the single particle level;29 photothermal 
coherence tomography (OCT) which has a penetration depth of 1-2 µm and a resolution 
8 
 
of 1-10 µm;55  multiphoton surface plasmon resonance  (SPR) microscopy 56. X-ray 
scattering which has low signal- to-noise ratio with X-ray computer tomography, and 
gamma radiation using neutron activation.57 These techniques offer isotopic information 
but no molecular information. Other techniques can also used be used to obtain chemical 
information such as derivatized AFM tips, infrared (IR) and Raman spectroscopy and are 
non destructive. The lateral resolution of Raman spectroscopy can be increased using 
modification such as tip enhanced Raman scattering (TERS), which has a lateral 
resolution of 20-50 nm.56  As field of nanotechnology grows, it becomes increasingly 
important not only to explicitly identify the chemical composition of NPs themselves, 
but also of the functionalization or surface modification of the NPs.58 
 Mass spectrometry is well suited for the analysis of NPs to yield chemical 
information. The use of mass spectrometry in nanotechnology studies have focused on 
mass determinations of various sizes and types of NPs.59-75 Royce Murray and co-
workers have studied thiolated Au NPs extensively with minimal fragmentation, utilizing 
―soft‖ ionization sources such as electrospray ionization (ESI).62-66 Other mass 
spectrometric techniques that cause extensive fragmentation such as plasma desorption 
(PD),61 fast atom bombardment (FAB)73 and  laser desorption ionization (LDI)59,60 have 
also been used to characterize NPs. However, spectra are complicated and the ions are 
obtained from several NPs. Nanoaerosol mass spectrometer (NAMS) is a technique that 
is increasing used to for the real-time characterization of individual NPs.76-78 In this 
technique particles are accumulated through an aerodynamic inlet and size selected using 
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a quadrupole and analyzed by time-of-flight mass spectrometer. Due to the ablation of 
the laser, NAMS is able to provide only elemental information.  
  Secondary Ion Mass Spectrometry (SIMS) is mass spectral technique that is 
capable of obtaining molecular chemical information from NPs. SIMS is a surface 
analysis technique where  primary ions which can be atomic or polyatomic are used to 
sputter positively and negatively charged secondary ions. The secondary ions (SIs) 
originate from the outermost nanometer of the sample.79 The general schematic for the 
SIMS experiment is presented in Figure 1.1.  
Traditionally, atomic projectiles such Ar+, Ga+, or alkali metals are used as 
primary projectiles. The SIs are either positive or negative, depending on the primary 
ions' identity; neutral species can be detected using post ionizations methods.80 The mass 
spectrum is related to the chemistry of the material being analyzed. A major 
breakthrough in SIMS came with the advent of using polyatomic species or "clusters" as 
projectiles. The section below offers a brief synopsis on cluster SIMS.  
 
Background 
Cluster SIMS 
 Over a decade ago, it was shown that cluster ions are more effective at desorbing 
molecules. Blain and co-workers showed that the molecular ion yields (number of 
secondary ions ejected per incident primary ion) of phenylalanine, gold and CsI 
increased when clusters of CsI and organic molecular ions were used as the primary, as
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compared to atomic projectiles.81 A nonlinear effect in the SI emission of molecular ions 
from organic targets was seen with small gold clusters, when compared to atomic gold 
projectiles under equal velocity.82 A similar effect was observed by Delmore and co-
workers when they used a SF6 source.
83 Since the advent of commercial sources, Au3
+
, 
Bi3
+ and C60
+ ion sources have become popular. The Au3
+
 source utilizes a liquid-metal 
ion gun, while the C60
+ is an effusion source. Recently massive gold clusters such as 
Au400
4+ (>80 000 Da) have been shown to be a even more effective projectile. Molecular 
ion yield enhancement of 1000 is obtained when compared to Au+ during bombardment 
of the neuropeptide dynorphin and gramicidin S. Au400
4+ also yields minimal surface 
damage and a significantly lower fragmentation.84 More energy is deposited in the 
sample near the surface as the momentum increases for a given energy (a large, heavy 
particle deposits its energy nearer the surface than a smaller, lighter particle of the same 
kinetic energy).85   
  C60
+ is also used as a cluster projectile to increase the SI sputtering yield, as 
compared to atomic projectile. Previous studies from our lab using the C60
+ projectile has 
shown an increase in the yield of phenylalanine by a factor of 17 when compared to Cs+ 
primary ions.86 Similar results have been obtained when a beam of C60
+ projectiles was 
used on a gramicidin target. The secondary ion yields of gramicidin with the C60
+ 
projectile were increased by an order of magnitude, when compared with the Ga+ 
projectile.87   
 Another important aspect of using polyatomic projectiles is multi- ion emission. 
The effectiveness of the Au400
4+ projectile to emit multiple SIs from a single projectile is 
12 
 
referred to as ion multiplicity, which is the number secondary ions emitted per incident 
projectile. With Au400
4+, the most probable event shows the desorption of eight secondary 
ions as compared to zero secondary ions with the Au3
+ projectile when a vapor deposited 
sample of phenylalanine was analysed.88 It has also been shown that cases of multiple 
secondary ion emission are increased with the energy of the Au400
4+ projectile.88  For 
small projectiles such as Au3
+ the mode of interaction can be described by the thermal 
spike model where there are overlapping collision cascades leading to additional 
sputtering.89  However with heavier large clusters the enhancement in yields cannot be 
explained by the overlapping collision cascades.  Bitensky and Parilis proposed the 
shockwave mechanism to explain the increase in yield under cluster bombardment. 
Where there is a decrease in stopping power due to a "clearing the way effect" produced 
by the first atoms in the cluster which hit the surface.90 Recently, experiments from our 
lab has shown that the Au400
4+ projectile interacts with the substrate via  hydrodynamic 
penetration. This effect is different from the overlapping collision cascade effect, in that 
it involves an extreme pressure transient at the interface of the colliding solids that lasts 
for a few picoseconds. The process involves several physical phenomena such as impact 
light flash, ejection of matter and crater formation.91  
 
Analysis of NPs Using SIMS 
 The preceding comments suggest that cluster SIMS by virtue of enhanced 
secondary ion yields and ion multiplicity holds promise for the analysis of NPs. Yet the 
literature reveals that with a few notable exceptions, the studies are limited to atomic 
13 
 
projectiles in the dynamic92 and static regime93. Sun and co-workers studied thiolated 
gold NPs of size 2.5 nm and 2.0 nm with a ToF-SIMS instrument equipped with a Ga 
gun. Impurities were found in one preparation technique as compared to the other.94 
Other studies include the investigation of the nanoclusters of Au desorbed from a sur face 
upon impact by 252Cf fission fragment.95 NPs of gold with grain sizes of 2-100nm were 
sputtered by 1 MeV Au5
+ and showed that the highest yield was obtained with 19 nm 
islets.96 Shi et al reported the characterization of Al2O3 NPs in the 10-150 nm. They 
confirmed the existence of a nano-surface deposition of a pyrole film around the particles 
using ToF-SIMS.97 NPs have been used to grow layer by layer on a polyester surface and 
then were characterized by ToF-SIMS using Ga+ as a projectile. These were alternating 
layers of SiO2 (7nm) and TiO2 (40-50 nm).The results revealed that the layers intermix.
92  
Surface ligands  conjugated to quantum dots were characterized and imaged using a Bi+ 
ion gun. As the beam was rastered across a 200 x 200 µm2, the mass spectra were 
obtained from several NPs.93 Recent studies performed in our lab using cluster SIMS via 
single impacts has shown molecular chemical information can be obtained from a 
mixture of nano-objects. The mixture contained Al nano-whiskers (2 nm wide) decorated 
with polystyrene NPs (30 nm). Results indicated that the technique can be used to 
separate mass spectra from these two different nano-objects.98 
 
 Prospects for Characterizing Individual NPs with SIMS 
 When the dose of bombardment is 106 projectiles/cm2, the term ―super‖ static 
regime is used to describe them. The experiments described in this dissertation are 
14 
 
performed in the "super" static regime. Where primary projectiles isolated in space and 
time are used to impact an analyte stochastically. The secondary ions from each 
individual impact is collected and stored before another projectile perturbs the surface. 
The methodology is termed event-by-event bombardment/detection.88 This allows one to 
later select specific mass spectra which contains a specific type of secondary ion. Under 
such conditions, the lateral resolution is set by the area perturbed by the projectile. The 
lateral resolution of this method for large cluster projectiles such as Au400
4+ and C60
+ 
have been found to be an area of 100 nm2.99,100 This resolution fall in the size range of 
certain NPs.   
 One advantage of performing the experiment in the event-by-event 
bombardment/detection is it allows one to explore ions that are co-emitted from each 
impact (1000 nm3) volume. It can be achieved by coincidence counting. The section 
below gives a brief synopsis of this technique.   
 
Coincidence Ion Mass Spectrometry 
 Coincidental counting methods have been practiced in the field of nuclear science 
for a long time.101  The  time of flight (ToF) technique itself could be considered as 
coincidence technique where it can be used to detect signals originating from a single 
desorption event. In essence, ToF along with event-by-event bombardment/detection 
mode can be used to determine the spatial relations of the various secondary ions 
observed. Two conditions are required for coincidence counting. The first, the primary 
projectile should address only a small region of the sample so individual components can 
15 
 
be spatially isolated. The second requirement is that each individual component of the 
sample studied must have a characteristic mass spectral peak.102 The concept of 
coincidence counting technique to analyze  sample chemical homogeneity was first 
suggested by Della-Negra and co-workers.103 It was later demonstrated in our lab to 
analyze NaF crystals.102 The application of coincidence measurements in mass 
spectrometry has been described by Van Stipdonk et al.104 Coincidence counting has 
been used by our group extensively to determine surface microhomogeniety. 105-108  
 In this dissertation we discuss for the first time a methodology for the 
characterization of individual NPs using cluster SIMS in the event-by-event 
bombardment/detection mode and the role of NPs to increase ion emission in mass 
spectrometry. In the following paragraphs, the methodology will be discussed in detail in 
relation to the analysis of NPs. 
 
Scope of the Present Study 
 In the first case, we present a study which deals with the determination of the 
relative abundance of the oxide layer in the near-surface volume of aluminum NPs of 50-
100 nm in diameter. They are bombarded with a sequence of single projectiles of Au400
4+ 
accelerated to 136 keV and C60
+ accelerated to 26 keV. The ionized ejecta from each 
impact are recorded individually which allows to identify ions emitted from a surface 
volume of ~10 nm in diameter and 5-10 nm in depth. The mode of analyzing ejecta 
individually from each single cluster impact gives insights into the effectiveness of the 
coating of these NPs. In this study the NPs represent a bulk surface as the NPs (50 nm) 
16 
 
are larger than the size of the volume perturbed by the projectile (1000 nm3). However, 
the question arises on the type and abundance of the ionized ejecta when the NPs are in 
the size range of the volume perturbed by the projectile.  
 5 nm Ag NPs capped with decanethiol supported on organic substrate were used 
as a model for this sub-assay volume study. The methodology of using cluster SIMS via 
sequence of stochastic single impacts yield information on the surface coverage of the 
NPs, as well as the influence of the chemical environment on the type of SI emission. 
 As an extension of the study, another question that was addressed was how the 
type of SI emission from these sub-assay volume NPs, compare to that of a chemically 
identical bulk surface. Further a mixture such NPs (Ag and Au) supported on an organic 
substrate was studied to see the influence of the neighboring NP on the SI emission. A 
key question that was addressed is the ability to separate different type of NPs via this 
mass spectrometric technique. 
 As an application of these NPs, the final study presents the influence on ion 
emission when these NPs are deposited as single layer on top of an analyte, followed by 
laser ablation. As a test case, we present how these NPs can be used to increase the signal 
of the deprotonated species of the molecular ion from samples of dynorpin 1-8 fragment 
and substance P. The NPs were deposited evenly on the surface using a solution free 
commercially available technique that employs pneumatics. The results indicate the 
application can be extended to imaging samples as well.      
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CHAPTER II 
EXAMINATION OF NANOPARTICLES VIA SINGLE LARGE CLUSTER 
IMPACTS*  
Introduction 
 The goal of this study was to determine the relative abundance of oxide layer in 
the near-surface volume of aluminum NPs nominally coated with a self-assembled 
monolayer, SAM, of palmitic acid. Specifically, the particles (high combustion rate 
propellants) are prepared with a controlled oxide layer and then coated with the SAM to 
prevent further oxidation (Figure 2.1). In practice, the coverage with the SAM may not 
be complete, thus prompting degradation of the particles when exposed to air. We 
address here this issue with a variant of SIMS, which differs from customary SIMS in the 
type of projectile and mode of operation.  
 One area where nanotechnology has made an impact is in the field of energetic 
materials.109 Metal powders are extensively used as fuels in most solid rocket propellants 
because of the effective combustion rate. Hence, the best propellants are those that 
produce the highest combustion temperature for the smallest possible molecular weight 
of the combustion products—aluminum is an ideal choice.  
_______________________ 
*Parts of this chapter are  reprinted with permission from Nano Letters, Volume 8,  S. Rajagopalachary, 
S.V. Verkhoturov,  and E. A. Schweikert, Examinations of  Nanoparticles via single Large Cluster 
Impacts, pages 1076-1080, 2008.  Copyright [2008] American Chemical Society. 
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 Micron-sized particles have been used to increase the combustion rate of solid 
rocket propellants. Since particle size and surface energy are critical, NPs are superior to 
micron-sized particles.110 One such particle that is commercially available is Alex®. Alex 
is a nanosized aluminum powder made by electroexplosion of aluminum wire which 
consist of spherical particles in a distribution of diameters ranging  from 50-200 nm.   
Figure 2.2a shows a SEM of the Alex particles advertised by the manufacturer as 50 nm 
in diameter. An analysis of the distribution of particle size is depicted in Figure 2.2b.109 
the centroid of the peak falls around 70 nm.  Hence, there is a discrepancy between the 
advertised average size and the actual distribution of size. As our experiment is 
performed via single impacts, the size difference in size does not affect our experimental 
results. As with most reactive surfaces, Alex is prone to degradation when exposed to air 
through oxidation. Subsequent use of the degraded material in explosive and propellant 
compositions would result in significant loss of performance. Alex shows aluminum 
contents with 87% to 99% active aluminum, with the remaining material consisting of 
predominantly oxide (Al2O3). The aluminum oxide layer usually amounts to a 2-3 nm 
thick layer (Figure 2.2c).111 To prevent the oxidation of the aluminum, these particles are 
coated with a SAM of palmitic acid. Fourier Transform- Infrared(FT-IR) analyses 
verified that the passivation coating on the coated Alex is chemically bound to the 
aluminum surface via a carboxylate linkage. The coating forms an effective barrier to 
hydrolysis and oxidation and the durability of the coated Alex over time has been tested 
and shown to last longer than the conventional Alex while still retaining the combustion 
properties of the aluminum.110 
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 Another commercially available version of this particle has a paraffin overlayer 
on top of the layer of the palmitic acid to provide additional protection. The paraffin 
coating provides additional  3% by weight. The coating process is not perfect and the 
manufacturer has indicated that the organic coating might not be complete ly cover the 
NPs which gives way to the possibilities of an underlying oxide layer where there is an 
absence of the coating.111  
 These particles and other metallic particles have been characterized by imaging  
techniques such as SEM, which is unable to distinguish between the coated and the 
uncoated NPs. Toshima (et al.) has discussed the several different methods that are 
available for the analysis of these ultra fine NPs.113 Several questions still remain 
unanswered regarding the quality and the extent of coverage of the palmitic acid and the 
efficiency of the palmitic acid in protecting the underlying aluminum from oxidation. 
 We show below that the sorting of SIs from a sequence of single impacts on the 
NPs allows to assess the relative SAM coverage and to compare the overall oxide layer 
with those in areas covered by the SAM (Figure 2.3).  It must be noted that the data 
presented are from samples of NPs deposited on a metal substrate. The thickness of the 
NP layer was a few µm.  The projectiles probe the sample stochastically in a non-
imaging mode. NPs were bombarded with a sequence of single massive projectiles, 
specifically hypervelocity Au400
4+ and C60
+. Massive cluster projectiles are utilized for 
these studies due to their high efficiency of multi- ion emission.  It is well documented 
that surfaces bombarded with high energy clusters show enhanced emission of molecular  
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ions.84,114  A unique feature of our experiment is that the ionized ejecta or secondary ions, 
SIs, from each impact were mass-analyzed and recorded from each single projectile 
impact.  In this way, relationships were deduced between ions emitted from each 
nanovolume perturbed by the single projectile impact. The mode of analyzing ejecta 
individually from each single cluster impact is a means to apply mass spectrometry in 
nanovolumes.  
 Under these conditions, one observes the SIs emitted from the volume perturbed 
by one projectile impact, i.e. a hemispherical surfcace volume of 10 nm in diameter and a 
depth of 5-10 nm.99,115  Such co-emitted SIs can  reveal information about molecules co-
located in a nanovolume.102,117 The NPs were of two different average size distributions, 
50 nm and 100 nm. The particles had distinct surface characteristics: the 50 nm particles 
had either an oxide layer of 2-3 nm thickness or were covered with a monolayer of 
palmitic acid ([M-H]- m/z 256); the 100 nm particles were covered with a monolayer of 
palmitic acid or a double layer of palmitic acid and paraffin. The particles were shipped 
and handled in argon atmosphere because of the reactive nature of aluminum. These NPs 
are prone to form micron sized clusters that appear more tightly agglomerated than the 
standard Alex powder61 They were dissolved in acetone at 25 mg/mL and sonicated. A 
25-μL aliquot of the solution was deposited on a metal substrate. The thickness of the NP 
layer on the substrate was larger than the depth of secondary ion emission (~ 10 nm). The 
NPs were briefly exposed to the air (~ 10 min) during deposition on the substrate and 
insertion into the mass spectrometer.  
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  Experimental Section                  
 The experiments were run on a cluster SIMS instrument comprised of a liquid 
metal ion source, a Wien filter for primary ion mass selection, a beam pulser for single 
projectile bombardment and a linear ToF mass spectrometer (Figure 2.4).117 Gold 
primary ions are produced by heating a tungsten reservoir and needle assembly filled 
with an Au/Si eutectic. The melting of the eutectic yields the fo rmation of ions of Aun
q+ 
where n= number of atoms and q= charge of the ion. The primary ion beam is then 
focused onto a Wien filter using a series of electrostatic lenses. The Wien filter allows 
for the selection of a projectile with a certain number of atoms to charge (n/q) ratio while 
deflecting the rest. The mass/time selected cluster projectiles used in this study are on 
average Au400
4+ accelerated to 136 keV. In these conditions, it was found that the Au400
4+ 
cluster had an average of 400 atoms with an overall net charge of +4 on the cluster.118 
Since these experiments were done in event-by-event bombardment/detection mode, the 
filtered beam was pulsed between two plates biased with +1 and -1 kV at a frequency of 
10 kHz.119 The beam then passes through a 0.4 mm aperture before reaching a negatively 
biased target. The secondary electrons that are emitted from the target are deflected to a 
micro-channel plate detector assembly and used as the start signal for the ToF for the 
secondary ions. The secondary ions then travel through the field-free drift tube before 
hitting a micro channel plate assembly followed by an eight-anode detector array where 
they are registered as a stop for the secondary ions’ time of flight. The signals from the 
detector are processed by a constant fraction discriminator and routed to a high resolution 
time-to-digital converter. A unique feature of event-by-event bombardment/detection 
26 
 
mode is that the mass spectrum of each individual event is stored in a reserved space in 
the computer memory before the impact of the next projectile. The total mass spectrum 
obtained, after processing through the custom software, is the sum of all the individual 
events. All impact/emission/detection events (typically ~ 2x106 events) are collected and 
stored as a ―Total Matrix of Events‖,TME, described elsewhere.119   
 The C60 ToF-SIMS instrument has a similar set-up with a few minor differences.  
Figure 2.5 gives a schematic of the instrument.  Instead of a LMIS, it has an effusion 
source. The material to be used as the primary projectile, in this case C60, is placed in the 
copper reservoir and heated in vacuum until it sublimes. The vapor then effuses into a 
cylindrical electrode area, where the heating of a 0.01" tungsten wire causes the emission 
and penetration of thermal electrons into the sublimed material causing ionization.120 The 
ionization produces a range of ions from fragments of C60
+ and to the unfragmented C60
+. 
The ions are then focused using electrostatic lenses and by using a pair of steering plates 
guided towards a Wien filter. The Wien filter can be used to select the primary ion of 
interest. An off-centered slit allows for the ions deflected  by an electric field to pass 
through while preventing the neutrals, that are unaffected by the deflection field from 
reaching the target. A second set of steering plates is used to guide the primary ion 
towards the target. 
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Results and Discussion 
 The performance of SIMS with single large cluster impacts is demonstrated 
below on different samples of the specimens; 50 nm coated with palmitic acid, 100 nm 
coated with palmitic acid, 50 nm oxidized and a doubly coated with palmitic and then 
paraffin. The  summary mass spectra of negatively charged SIs are presented in Figure 
2.6.a, b and c. These mass spectra have common peaks in the lower mass range, which 
correspond to the aluminum oxide layer.121 The prominent peaks are at m/e = 43, 
attributed to AlO-, and at m/e = 59, attributed to AlO2
-. In the higher mass range the mass 
spectrum shows repeating units of cluster ions.  
 Some of these SIs are oxide-specific ions while others are hydroxide specific ions 
with different base units. These clusters match with the cluster found in literature.121 The 
clusters can be classified into three different groups, namely [(Al2O3)nAlO2]
- 
,[(Al2O3)nOH]
- and [AlO2 (AlO)n (OH)n]
-. The aluminum oxide clusters are present, 
despite the coverage of these particles by a monolayer of palmitic acid,  because the 
palmitic acid layer is only 2-3 nm in thickness. However, the depth of secondary ion 
emission for the Au400
4+ projectile is ~10 nm in organic layers.99 The most abundant 
cluster (both in terms of intensity and number) is [(Al2O3)nAlO2]
-. In our experiments, 
the least abundant cluster group is [AlO2 (AlO)n (OH)n]
-, where n does not exceed 4. 
Returning to the mass spectrum of the NPs from the 50 nm coated sample (Figure 2.6.a), 
a peak that can be attributed to the deprotonated molecule from the palmitic acid (m/e 
255) is visible, in between the two clusters of [AlO2(AlO)3(OH)3]
- (Al
4
O
8
H
3 in Figure
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2.6 inset) and [(Al2O3)2 (AlO)(OH)2]
- (Al5O9H2 in Figure 2.6 inset). The assignment of 
this peak to palmitic acid is verified by the cluster SIMS analysis of palmitic acid (Sigma 
Aldrich) which shows the deprotonated molecule at m/e = 255. The mass spectrum of the 
50 nm coated NPs (Figure 2.6 a) is similar to the spectrum of the 100 nm coated NPs in 
terms of the presence of clusters, but the intensities of the peaks are lower. Concurrently, 
the intensity of the palmitic acid ion is higher for the 100 nm coated NPs (Figure 2.6.b). 
Both of these observations suggest that SAM coated particles from the 100 nm coated 
have more complete coverage. As a reference, the oxidized uncoated particles were also 
analyzed (Figure 2.6.c).  It shows an increase in intensity of the aluminum oxide clusters 
when compared to the coated particles. The increase can be attributed to the greater 
thickness of oxide layer on uncoated particles. A similar mass spectrum, with the 
decreased intensity for aluminum oxide clusters as well as for the palmitic acid, was 
observed for the double coated 100 nm particle (Figure not shown). The SI yield is 
defined as the number ions emitted per projectile impact. A comparison of the yields for 
the deprotonated  molecule of palmitic acid m/e 255 for the different Al particles 
projectiles is shown in Figure 2.7. The oxidized 50 nm particle has zero yield because of 
the absence of the coating of palmitic acid. A comparison of the yields of palmitic acid 
for the coated 50 nm and coated 100 nm particles shows that the yield of the coated 100 
nm particles is higher, which again supports the hypothesis that the coated 100 nm 
particles have a better coverage of the palmitic acid than the coated 50 nm particles. 
However, the doubly-coated 100 nm particle has a lower yield for the palmitic acid than
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either of the coated particles because the emission of the molecular  ion of the palmitic 
acid is suppressed by the outer layer of paraffin. A similar phenomenon was observed 
when the signal from an indicator layer is suppressed by addition clay layers on top.99 
Yields of the most intense cluster in the mass spectrum (described by the formula 
([Al2O3)nAlO2]
-) for the different particles with two different projectiles further support 
the inequality in coverage (Figure 2.8). A trend similar to that with Au400
4+ is observed 
with the C60 projectile but the yields of the SI clusters are half as much of those from 
Au400
4+. The C60
+ projectile is less efficient than the Au400
4+ projectile in the desorption 
of the molecular ion, as demonstrated by a test case where a vapor deposited target of C60 
was analyzed. 
 The yield for the intact molecular ion (C60
-) with 136 keV Au400
4+ was 0.16 as 
compared to a value of 2 x 10-4 with a 18 keV C60
+ projectile.122  The comparison was 
extended to other Al oxide clusters ([Al2O3)nOH]
- (Figure 2.9).  Additionally, the 
difference in the extent of coating was supported by the yields of smaller aluminum 
oxide peaks (Figure 2.10). The SIs include AlO- (m/e 43), AlO2
- (m/e 59) and Al2O4H
- 
(m/e 119). Yields of AlO- and Al2O4H
- are the highest in the oxidized 50 nm particles 
where there is no external organic covering. The next highest is the coated 50 nm 
particles and then followed by the coated 100 nm particles. The yields of these two ions 
are lower for the coated 100nm than the coated 50nm particles because the coated 100 
nm particles had better coverage. The yields for the doubly coated particles are the 
lowest among the four Al particles because of the external covering of the paraffin.
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However, the yield of AlO2
- (m/e 59) does not follow a similar trend as the AlO - and 
Al2O4H
- ions. This is true for both the coated particles. The degree of coating cannot be 
determined as an absolute value, since the signal of SIs is a function of 
ionization/detection efficiency.  
 This efficiency depends on a few variable experimental parameters.123 However, 
the relative degree of coating,  , can be extracted from the experimental data for the two 
palmitic acid coated samples. In the equations and tables below, the 50 nm coated NPs 
will be represented by symbol A and 100 nm coated NPs will be represented by symbol 
B for simplicity. 
                           
AM-H M-H
0 0 BA B
pN N
n n p

   
    
                          Eq. 2.1 
where M-H
N
 denotes the number of deprotonated palmitic acid ions (M-H)- detected, 0
n
 
is the total number of projectile impacts. The degree of coating, p , is 
0 0M H M Hp S S n n   , where 0
S
 is the average surface area of a NP; M H
S   is the 
average coated area; and M H
n   is the number of projectile impacts on the coated areas. 
The comparison of the specimens A and B gives 
0.7 0.05  
. Thus, the particles from 
the specimen B have a better SAM coverage. The average uncoated area of the particles 
from the specimen A is at least 30%.    
 As noted at the outset, the ability to detect individual mass spectra corresponding 
to the SAM area of the NPs prompts questions about the relative thickness of the 
37 
 
different oxide layers (layer beneath SAM, and layer from uncoated area), and about the 
effect of exposure to air on the thicknesses of these layers.  
 It must be noted that variations in oxide thickness may only be detected within 
the depth of SI emission. Thus, oxidation beyond ~10nm will not be recognized.  
         The value of the relative thickness of the oxide layer beneath the SAM can be 
extracted from the experimental data by the following calculations. The number of 
deprotonated palmitic acid ions (M-H)- detected, M-HN , can be expressed as follows: 
                                        M-H M-H Μ-ΗN n Y                                             Eq. 2.2 
where M-HY  is the yield of  (M-H)
-. Similarly, 
2
'
AlON  is the detected number of aluminum 
oxide ions (AlO2)
-   which were emitted from coated areas 
                                                  
2 2
' '
AlO M-H AlON n Y                                  Eq. 2.3 
where 
2
'
AlOY  is the yield of  (AlO2)
-  emitted from coated areas. The co-emission of (M-
H)- with aluminum oxide ion (AlO2)
-  represented by 
2AlO , M-H
N  can be expressed as  
                                             
2 2AlO , M-H M-H AlO , M-H
N n Y                            Eq. 2.4 
Considering that for cluster bombardment 
2 2
'
AlO , M-H AlO M-HY Y Y ,
108 the combination o f 
expressions 2.2, 2.3 and 2.4 gives 
                                             
2 2
'
AlO AlO , M-H M-HY N N                              Eq. 2.5 
 As indicated earlier, the emission depth of secondary ions is ≤10 nm. The 
thickness of the self-assembled monolayer is well defined (length of palmitic acid chain 
is of ~3 nm).  
38 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
5
0
1
0
0
1
5
0
2
0
0
2
5
0
3
0
0
3
5
0
4
0
0
4
5
0
5
0
0
0
1
0
2
0
3
0
4
0
5
0
6
0
m
/e
 1
1
9
  
(M
-H
)-
  
 m
/e
 2
5
5
A
l 2
O
3
O
H
-
  
A
lO
2
-
  
m
/e
 5
9
 Intensity
m
/e
F
ig
u
re
 2
.1
1
. 
N
eg
at
iv
e 
io
n
 m
as
s 
sp
ec
tr
u
m
 o
f 
io
n
s 
co
-e
m
it
te
d
 w
it
h
 p
a
lm
it
ic
 a
ci
d
 i
o
n
 (
5
0
 n
m
 c
o
at
ed
 N
P
s)
. 
T
h
e 
m
as
s 
sp
ec
tr
u
m
 w
as
 a
cq
u
ir
ed
 w
it
h
 ~
2
 m
il
li
o
n
 i
m
p
ac
ts
 o
f 
1
3
6
 k
eV
 A
u
4
0
0
4
+
.  
39 
 
 Thus, the yield 2
'
AlOY  reflects the thickness of the aluminum oxide interface layer 
beneath the SAM. An interesting feature of the coincidental (effective yield?) values 
used here is that  2
'
AlOY  is independent of the number of projectiles hitting the SAM area 
of NPs. Values of 2
'
AlOY  from different samples can thus be directly compared. The 
expressions (2.3-2.5) are suitable for any sort of aluminum oxide cluster ions co-emitted 
with palmitic acid ions, e.g. (Al2O3)OH
-  (Figure 2.11). 
  The yield of aluminum oxide ions emitted from the total surface (area beneath the 
SAM and uncoated area) of the NPs can again be calculated from the number of the co-
emitted aluminum oxide cluster ions of the different type, e.g. AlO2
- and (Al2O3)OH
-: 
                                          2 2 2 3 2 3AlO AlO , Al O OH Al O OH
Y N N
               Eq. 2.6 
The yields 
2
'
AlOY  and 2AlOY calculated for the 50 nm coated particles (specimen A) and 
100 nm coated particles (specimen B) are shown in Table 2.1. The ratio of the SI yields, 
2 2
'
AlO AlOY Y ,  is ~1 for both specimens, indicating that the short exposure in the air (~10 
min) does not increase the degree of oxidation of the uncoated areas. The ratios of yields 
2 2AlO AlO
( ) ( )A BY Y  and 2 2
' '
AlO AlO( ) ( )A BY Y , are ~2, which show that the better coated NPs 
from specimen B ( 0.7  ) have half the thickness of the oxide layer.  
 One must assess the contribution of interfacial impacts, i.e. projectile impacts on 
the boundaries between surface areas of SAM and uncoated aluminum oxides. The 
magnitude of the interfacial contribution can be evaluated with an ―interference  
coefficient‖ which can be defined as follows: 
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2
2
AlO , M-H int
AlO , M-H
( )N
K
N

                            Eq. 2.7 
where 2AlO , M-H int
( )N
is the interfacial contribution, i.e. the number of aluminum oxide ions 
emitted from the uncoated areas and detected as co-emitted with palmitic acid ion; 
2AlO , M-H
N
 is the number of aluminum oxide ions emitted from SAM areas and detected as 
co-emitted with palmitic acid ion. To calculate K , we use a model of interference where 
the interference area at the surface of the NP, int
S
, is larger than the interference area 
between neighboring NPs (apposition of spherical objects). Considering that 
int M-H int SAMn n S S , where intn is the number of impacts on the interference area, and 
SAMS is the area of NP coated by SAM, we obtain  
                                          
int
2
2
2
AlO
' 2
1AlO M-H
n
i i
i
Y x d x
K
Y n d

                     Eq. 2.8 
where d is the diameter of the emission area (~ 10nm); and ix  is the random distance 
between the point of impact and the boundary of SAM ( 0id x  ).  
     The values of K  vs. the degree of coating, p , are given in Figure 2.12. Using 
Figure 2.10 one can estimate the accuracy of the single impact measurements. K  should 
be smaller than the precision of our experiment (±10%). For the large variations of the 
ratio 2 2
'
AlO AlOY Y , K  is below 0.2 when the degree of coating is not too low ( 0.4p  ).
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Thus, the spatial resolution of the technique is approximately twice  that of the diameter 
of the emission area (~10 nm). The accuracy of the single impact measurements becomes 
unacceptable for oxidized NPs having largely deficient SAM coverage (K > 0.2, p < 0.4).    
 
Conclusion 
 SIMS in the single cluster impact mode, uniquely combines the analytical 
versatility of surface mass spectrometry with ~20 nm spatial resolution.  The method 
requires a large number of impacts (~106) to obtain analytically significant information. 
Yet its ―nanoprobe‖ feature is retained by analyzing the ionized ejecta from each impact 
independently. The detection limit, under the experimental conditions o f this study, is ~ 
102 attomole for small MW organics such as palmitic acid. The scope of applications 
remains to be explored. The method should be useful for determining if further oxidation 
occurs in SAM-protected areas under prolonged air exposure. For instance, do the 
uncoated areas stimulate oxidation beneath those covered by SAM? It can also examine 
the relationship between the initial oxide thickness and the quality of the SAM coverage. 
An important added capability, namely the combination of the single projectile impacts 
with the concurrent real-time localization of each impact, is in progress.  
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CHAPTER III 
CHARACTERIZATION OF INDIVIDUAL Ag NANOPARTICLES AND THEIR 
CHEMICAL ENVIRONMENT* 
 
Introduction 
 Thiol-capped metallic NPs are of increasing interest because of their optical, 
magnetic or reactive peoperties.124-126 These properties significantly differ from the bare 
or bulk counterparts, with these changes being modulated by the size and the capping. A 
further notable feature of capped metal NPs in size of 1 to 10 nm is that they assemble  a 
self-assembled organization.127 Such metal nanostructures deposited in organic matrices 
have applications as optical or electronic devices. The morphology of these assemblies 
can be determined with TEM and AFM.128,129 The resulting physical description assumes 
knowledge of the chemical identity and integrity of the nano-objects and their 
surroundings. However, isotopic and molecular characterization at the spatial scale of 
physical microscopy remains an elusive goal. We present here the application of SIMS 
yielding non- imaging, yet spatially resolved information approaching that of microscopy 
techniques. In the experiments described below, mass spectrometric data are extracted 
from nanovolumes (~10 nm3) by running SIMS in the event-by-event 
bombardment/detection mode. In this approach ionized ejecta  are identified  from  single  
__________________________ 
*Parts of this chapter are  reprinted with permission from Analytical Chemistry, Volume 81,  S. 
Rajagopalachary, S.V. Verkhoturov,  and E. A. Schweikert, Characterizat ion of Individual Ag 
Nanoparticles and their Chemical Environment,  1089-1094, 2009.  Copyright [2009] American Chemical 
Society. 
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projectile impacts i.e. from an area  ~10 nm in diameter and depth. Under these 
conditions the effectiveness of the bombarding ion is critical for generating secondary 
ions. Recent SIMS literature has focused on enhanced SI yields obtained with 
polyatomic and massive projectiles (e.g. Au3
+, Bi3
+,C60
+, Au400
4+) accelerated to keV 
energies.99,100,130-132 Silver NPs of ~ 5 nm diameter deposited in a single layer on glycine 
were examined with cluster SIMS in the event-by-event bombardment/detection mode. 
The projectiles used were Au3
+, C60
+ Au400
4+ with impact energies of 34 keV, 26 keV and 
136 keV respectively. The importance of the projectile characteristics for maximizing 
chemical and morphological information from single impacts is illustrated here with 
event-by-event bombardment/detection experiments with Au3
+, C60
+ and Au400
4+. The 
model target used to test the ability of ―shot-by-shot‖ SIMS to characterize metal nano-
assemblies consisted of capped Ag NPs (~ 5nm) deposited on a glycine substrate.  
Figure 3.1 presents a TEM image of the Ag NPs on glycine vapor deposited o n 
the formvar coating of a TEM grid. The figure depicts three distinct areas on the grid. 
First, a regular arrangement of the particles forming a uniform single layer as previously 
noted.127 The polar sulfur group ligates to the metal surface while the alkane chain 
creates a boundary that insulates the reactive metal particles from each other, preventing 
aggregation.133 Second, there are darker regions where more than one layer of particles is 
seen as well as empty areas which are void of the Ag NPs,  i.e. the underlying glycine is 
exposed.  
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Experimental Section 
For the SIMS experiment, the samples were made by first vapor depositing 
glycine (Sigma-Aldrich) on a stainless steel surface which results in a thickness of ~ 5 
μm. Then a 15 μL aliquot of 1mg/mL of 5 nm decanethiol functionalized Ag NPs (Sigma 
Aldrich) in hexane, was drop cast on top of the glycine surface. TEM images of the NPs 
taken before and after vapor deposition of glycine on the formvar of the TEM grid 
showed the distribution of the particles to be similar in both cases. As glycine is 
insoluble in hexane, the vapor deposition morphology of glycine was unaffected by the 
deposition of the Ag NPs. This was verified by comparing scanning electron microscopy 
(SEM) images of the sample before and after deposition of the Ag NPs.  
The samples were analyzed with two different cluster-SIMS instruments, before 
and after the deposition of the Ag NPs. One instrument is equipped with a gold LMIS 
and the other with an effusion C60 source, as described in the previous chapter. The mass 
resolution (m/Δm) for the Au LMIS instrument was typically between 900 and 1000 for 
the glycine dimer peak Gly2
- (m/z 149) in the negative ion mass spectra. The mass 
selected cluster projectiles used in this study are Au400
4+ accelerated to 136 keV and Au3
+ 
accelerated to 34 keV. The C60
+ was accelerated to 26 keV total impact energy. In all 
cases, approximately two million impact/emission events were stochastically sampled 
over  a spot with a diameter of ~2mm.  
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Results and Discussion 
An excerpt of a mass spectrum of Ag NPs deposited on glycine is presented in 
Figure 3.2 with the same mass range from a neat glycine shown for comparison. Both 
were obtained with 136 keV Au400
4+ and are normalized to the same number of impacts. 
The presence of the Ag NPs is demonstrated with the observation of the peaks Ag-, 
Ag(CN)2
- and AgSC2
-. Negative values do not have physical significance, rather they 
were a means to compare both the spectra on the same mass scale. It should be noted that 
the height of the peak (normalized intensities) do not reflect the relative abundance of the 
isotopes of Ag, but the peak area does. The overall spectra (Figure 3.3) for both the Ag 
NP/glycine, and the neat glycine samples also contain the distinct AuGly- and Au(CN)2
- 
peaks obtained by Au400
4+ bombardment.134 The unexpected occurrence of Ag(CN)2
- was 
verified with isotopically labeled 15N-glycine (Sigma Aldrich). Indeed, a shift in two 
mass units is seen for the adducts represented by Ag (C15N)2
- (Figure 3.2 b). 
Surprisingly, there are split peaks for 109Ag(C15N)2
- and 107AgSC2
-, both nominally at m/z 
163. A more detailed examination (Figure 3.2 c) shows a difference in the respective 
peak locations. The flight time delay exceeds the deficit (0.02779 a.m.u) in the exact 
mass of 109Ag(C15N)2
- vs. that of 107AgSC2
-. The difference is attributed to delayed 
emission of AgSC2
- , perhaps reflecting metastability of the silver decanethiol moiety.  
The broader peaks of AgSC2
-, in comparison to other peaks in the spectrum, are a further 
indication of delayed emission. The adduct Ag(C15N)2
- is the result of a multi-step 
process during single projectile impacts (―super-static‖ regime), whereas the AgSC2
- ions
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are due to the surface sputtering of the Ag NPs. Silver/glycine adducts must originate 
from the atoms shattered from  Ag NPs combining with CN -, which is synthesized from 
glycine fragmentation. Indeed, a NP represents a finite system where the energy 
deposited from the impact cannot be dissipated in the same manner as in a bulk solid.135 
Accordingly, it can be expected that the NP completely disintegrates if the energy 
density deposited in the NP exceeds it total binding energy.136 This condition is largely 
met with a Au400
4+ , C60
+ or Au 9
+ (Figure 3.4)  impact with the energies used here,. The 
―NP atomization cum substrate-molecule fragmentation-recombination‖ observed here 
has, to our knowledge, not been reported. A simpler process where Au atoms ablate from 
an impacting massive Au projectile and then recombine with fragments from target 
molecules, with particular amino acids, has been documented previously.134 In a similar 
way, target-projectile adducts have also been detected when nm-size Ag grains were 
impacted with individual massive iron particles.137 
Returning to Figure 3.2, the presence of Ag(CN)2
- indicates that the Ag NPs were 
dispersed as a single layer on glycine, confirming the morphology shown in Figure 3.1 
Indeed, the depth of SI emission from 136 keV Au400
4+ impacts is ≤ 10 nm, thus 
Ag(CN)2
- could not be produced from multiple layers of Ag NPs on glycine.  
The effectiveness of various projectiles for the characterization of the Ag NP 
assemblies on glycine can be assessed with the SI yield (expression 3.1).  
 
 
 
Tot
( )
(%) 100 100 ( )
A A
A A
A A A
x x
x N x
Y x P x
N
   Eq. 3.1 
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Where xA is the number of SIs of type A detected in a single impact/emission event;                                 
N(xA) is total number of events where ion A is detected; P(xA) is the probability 
distribution of the number of ions detected per  impact/emission event and NTot is the 
total number projectile impacts.  
The data from Au3
+, C60
+ and Au400
4+ at impact energies representative of 
practical SIMS conditions are presented in Table 3.1. The SI yields follow trends 
generally observed for C60
+ vs. Au3
+ or Bi3
+.138, 139 The Au400
4+ projectile has the distinct 
feature of being efficient for the production of high SI yields and SI multiplicities. The 
latter is evidenced with Ag and Au-adducts from glycine. Further results presented below 
focus on data obtained with Au400
4+. 
A rough estimate of the coverage of the glycine surface by the Ag NPs can be 
obtained by calculating the decrease in SI yields from the neat glycine sample. Table 3.2 
shows the yield percentage for these ions before and after the deposition of the Ag NPs 
obtained with impacts from the Au400
4+ projectile. The yield change ratio is calculated by 
dividing the yield before deposition, by that after deposition. The yields of CN -, glycine 
molecular ion and the dimer decrease approximately three- fold after the deposition of the 
Ag NPs.  The yield of gold adducts, Au(CN)2
- and Au(Gly)- decrease because of the 
physical coverage by the Ag NPs and the concurrent production of silver adducts. The 
projectile is the only source of gold atoms, hence, the more abundant silver is able to 
competitively scavenge the glycine ions to form adducts. In contrast to other SIs, the 
yield of re-emitted gold increases in the presence of the Ag NP. This observation is 
discussed further below. 
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As previously noted, the shot-by-shot bombardment/detection allows to identify 
ejecta from individual desorption  nano-volumes of 10 nm in diameter. Accordingly, in 
the present case, the sequence of single impacts can impact either a site containing one 
Ag NP or a site appearing as a neat glycine surface. A likely species to uniquely originate  
from the latter is Gly2
-. An advantage of the event-by-event mode is that the events 
where Gly2
- was detected can be extracted from the compilation of individual impact 
data. The resulting mass spectrum, which is the ―Gly2
- coincidence ion mass spectrum‖ is 
presented in Figure 3.5. The spectrum shows abundant co-emission of Gly- and CN- with 
Gly2
- and negligible occurrence of Ag-containing SIs (≤ 1% relative to Gly2
-). The 
assignment of Figure 3.5 pertaining to sites of neat glycine can be verified by computing 
the ―effective yield‖ for Gly2
- which corresponds to the number of the Gly2
- detected 
divided by the number of impacts on neat glycine. As defined, the ―effective yield‖ 
should be the same for the Gly2
- emission from a large neat glycine surface as from the 
neat glycine sites on the surface examined here. The ―effective yield‖ can be obtained 
from the experimentally detected co-emission events, provided the SIs are ejected 
independent of each other, i.e. the co-emission occurs at the frequencies expected from 
statistics. This is the case of Gly2
- we can consider co-emission with Gly- (based of 
Figure 3.5); the probability of their co-emission is expressed as follows 
 
  
 
 
Eq .3.2 •    2 2(Gly ,Gly) Gly Gly P P P
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2 2
Gly Gly
2 2
2
2 2
Gly Gly2
Gly Gly Gly Gly
Gly Gly
Gly Gly
Gly Gly Gly Gly Gly Gly
( )
1
( ) ( )
x x
x x
x x P x x
Y
Q
x P x x P x Y Y
 
 
 
= 1
The probability can be extended to the yield Y,102 which is the number of SIs 
detected, I, divided by the number of impacts N.  
 
Hence,  
 
 
Under our experimental conditions, YGly 2  had values of 0.65 and 0.42, respectively for 
neat glycine and for the assumed neat glycine from the gly-Ag NP surface. The ~ 30% 
lower value for the complex covered surface is attributed to a preferential Gly2
-
 emission 
at a forward angle with respect to the incident projectile.140 Hence a neighboring Ag NP 
might block the forward trajectories of some Gly2
- . 
The rough agreement between the effective yields supports the idea that Gly2
- and 
Gly- are predominantly signals from neat glycine sites. Thus, the corresponding yield 
contains the effective number of impacts on neat glycine sites, which relates to the area 
not covered by Ag NPs. The assumption noted is related to Eq. 3.2 and can be re-stated 
as a correlation coefficient, Q, of unity: 
 
 
 
 
Thus,              
Eq. 3.4 
Eq.3.5 
•
2
2
Gly Gly
Gly
Gly ,Gly
I I
N
I

2
2
Gly ,Gly
Gly
Gly
Y
Y
Y

Eq. 3.6 
•  
2 2(Gly ,Gly) Gly Gly
 Y Y Y Eq .3.3 
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where NGly is the number of impacts on neat glycine sites, 𝐼Gly  and 𝐼Gly 2 are the number of 
Gly- and Gly2
- ions detected respectively while 𝐼Gly 2 Gly  is the number of Gly2
- ions co-
emitted with Gly-. In this experiment  
 
                                              
 (from an average of 2 runs). It can be deduced that we have an approximate 50% 
coverage of glycine by Ag NPs. 
 The data from sites containing Ag NPs can be analyzed in a similar fashion. The 
most abundant silver containing SIs 107AgSC2
- and 109AgSC2
-.  The mass spectrum of all 
ions detected as co-emited with 107AgSC2
- is given in Figure 3.6. Assuming again that the 
emissions are correlated, the yield data is processed as outlined in expressions (2)-(6), 
which results in    
 
  
Hence the surface coverage by Ag NPs amount to ~50%, confirming the result obtained 
from the assay of the neat glycine sites.  
  We reported above the surprising presence of Ag(CN)2
- with evidence of a 
pathway involving fragmentation of the Ag NP. The number of impacts leading to 
fragmentation can be determined with the methodology already described, using in this 
case the data relevant to the emissions of  107Ag(CN)2
- and  109Ag(CN)2
-. We determined 
that                             impacts were of the kind that can lead to emission of Ag(CN)2
- . 
They are less frequent than those that can lead to emission of AgSC2
-. The difference in   
Gly
Tot
0.5  0.04= 
N
N

-
2AgSC
Tot
 0.5  0.06=
N
N

470000  10%
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the number of impacts suggests two types of collisions between a Au400
4+ and a Ag NP. 
The most likely event is a hit on the outer shell of the NP resulting in the emission of  
AgSC2
-. Fragmentation as evidenced by Ag(CN)2
- requires a ―bulls-eye‖ impact. The 
number of impacts of a given type is proportional to the particle volume from which a 
specific SI can be emitted. There should be more impacts on the outer layers of the Ag 
NP than direct hits where the ~ 2 nm projectile fully overlaps with the ~ 5 nm Ag NP. It 
is interesting to note that in the present case half of the impacts on an Ag NP were direct 
hits. 
 An increase in the yield of Au- when glycine is covered with Ag NPs is reported 
in table 3.1. A similar trend has been observed when a glycine surface was coated with a 
3 – 5 nm layer of Ag.141 The increase was attributed to enhanced projectile recoil from a 
metallized surface as opposed to that from an organic surface. A comparison of the Au-  
yield increase obtained on a solid layer of Ag vs. neat glycine shows that there is an 
additional enhancement in the emission of Au- in the presence of Ag NPs. Given that the 
NPs amount to a silver coverage of ~50%, the observed yield increase of Au- is ~ 75% 
above that expected from scaling the yield increase reported earlier from a full to a 50% 
coverage. The notably enhanced emission of Au- in the presence of Ag NP remains to be 
explored(?). 
 
Conclusion 
 SIMS in the shot-by-shot bombardment/detection mode allows to extract 
chemical and morphological information resolved at ~ 10 nm. In the present case, the Ag 
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NP can be viewed as physical and chemical segregations within the 10 nm sites probed. 
The method presented here can test single layer dispersion and determine surface 
coverage. Further since the NPs were examined one-by-one, variations in composition 
may be revealed, i.e. their classification based on individual tests appears feasible. The 
data show that grazing vs. direct impacts on NPs can be identified and quantified. It is 
important to note that massive energetic projectiles are required for generating useful 
analytical signal from single impacts. The methodology described here allows to 
examine the chemical environment around individual NPs. Among potential applications 
is the in-vitro characterization of functionalized NPs and biologically relevant co- located 
molecules. 
 
 
 
 
 
 
 
 
 
 
 
 
65 
 
CHAPTER IV 
CHARACTERIZATION OF A BINARY MIXTURE OF NANOPARTICLES USING 
CLUSTER SIMS* 
 
Introduction 
The characterization of NPs of vanishingly small dimensions, presents new 
challenges for SIMS. We refer here to nano-objects with dimensions smaller than the 
secondary ion, SI, emission volume resulting from an individual projectile impact. This 
case is examined below with C60 – SIMS on 5 nm diameter NPs. The volume of the latter 
is over one order of magnitude smaller than the ~ 103 nm3 from which SI emission occurs 
following the impact of one individual C60 with 20 – 30 keV of kinetic energy.
100 In a 
―nanoprojectile‖-NP collision, the energy deposited from the impact is dissipated 
different than in a bulk solid. In particular, fragmentation and even comple te 
disintegration may occur if the energy deposited exceeds the NP total binding 
energy.135,136  We have reported fragmentation-atomization of 5nm silver NPs under 
impact of 26 keV C60
+.142 When the NPs are deposited in a single layer on an organic 
substrate and analyzed by cluster SIMS via single impacts, a surprising multi-process has 
been observed, which does not occur in thin (3-5 nm) silver layers covering the same 
organic substrate.141  
______________________ 
*Parts of this chapter are  reprinted with permission from Surface Interface Analysis,  S. 
Rajagopalachary, S.V. Verkhoturov,  and E. A. Schweikert, Characterizat ion of Individual  Nanoparticles 
with Cluster SIMS,  Submitted.  Copyright [2009] Wiley-Blackwell. 
 
(b) 
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 A C60
+ impact on a silver NP can produce a burst of silver atoms which form 
adducts with recombined fragments from the substrate molecules, e.g. Ag(CN)2
-.142 
These observations were made with experiments run in the event-by-event 
bombardment-detection mode. In this approach, a sample with a single layer of NPs is 
probed with a sequence of individual C60
+. The successive impacts occur in a stochastic 
distribution within a surface area selected for examination. The ionized ejecta from each 
impact, which originates from a ~ 10 nm diameter spot, are identified by ToF-MS and 
recorded individually.     
In summary, nano-objects of ―sub-critical assay dimension‖ have a SIMS 
signature which is specific to their physical and chemical characteristics and of their 
environment. A topic to be addressed is how the SIMS response will be affected in the 
case of a single layer of NPs of varied composition. We present here a study of a single 
layer of a mix of NPs of silver and gold.  
 
Experimental Section 
Glycine (MW 75.07), histidine (MW 155.16) and guanine (MW 151.13) were 
purchased from Sigma Aldrich. The Au NPs (5nm) functionalized with dodecanethiol in 
hexane were purchased from Nanoprobes Inc. Ag NPs (5 nm) functionalized with 
decanethiol in hexane were purchased from Sigma Aldrich. The integrity and size 
distribution of the NPs were verified by transmission electron microscopy TEM (Figure 
4.1). Further verification of the NPs was also done using energy dispersive X-ray (EDX) 
analysis . The EDX spectrum for one of the sample (Au NPs)  is shown in (Figure 4.2).  
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 The NPs were first analyzed by drop casting 15 μL on a stainless steel surface. 
Then they were drop casted on top of the organic surface similar to a procedure outlined  
earlier.142 Briefly, the organic substrates were vapor deposited on a stainless steel 
surface. Then 15 μL of 0.1% (w/v) of the NPs were drop casted on top of the organic 
surface. This method of deposition on an organic substrate surprisingly causes these 
particles to self organize as a single layer. The deposition of the NPs does not affect the 
glycine, this was verified by SEM.142   The samples were analyzed using a custom-built 
SIMS instrument explained in Chapter II.  
 
Results and Discussion 
Bombardment of an agglomeration of Ag NPs results in a low signal from the 
NPs. The weak response is attributed to the low electron affinity of Ag (data not shown). 
However, when the Ag NPs are examined in a single layer on top of an organic substrate 
(e.g. glycine, guanine, histidine), Ag adducts, in particular Ag(CN)2
- are readily apparent 
in the mass spectrum.  Figure 4.3 presents an excerpt of a negative ion mass spectrum of 
one such sample, where guanine was used as the substrate. The identity of these adducts 
have been verified by isotope studies, previously.142  
Figure 4.4 presents a mass spectrum for  bulk Au NPs. The high electron affinity 
of Au allows the experimental observation of the several peaks characteristic of  Au NP 
and the skin (dodecanethiol). Aun
-
 (1<n<9) cluster ions are evident in the mass spectrum.
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The presence of these Au clusters is surprising. The abundance and number of these 
clusters are larger for these bulk NP when compared to a Si wafer nominally coated with 
a 200 nm Au layer. (Figure 4.5). Along with Au clusters the mass spectrum shows AunS 
clusters formed from the Au and coating of decanethiol. However, in the case of the  
nominally coated Au layer the AunS clusters are replaced with AunCl clusters. The 
source of the Cl is most likely from contamination during the manufacturing process.  
  The presence of Aun and AunS clusters are also seen in the sample when the 
AuNPs are deposited as a monolayer  on top of a guanine substrate (Figure 4.6). The Au 
clusters  may be explained as follows. A ―bulls-eye‖ hit by a C60
+ on an Au NP will result 
in forward and lateral emission of Au fragments. The former implant into the substrate. 
The latter can undergo elastic collision(s) with surrounding Au NPs, likely resulting in 
further fragmentation (as they carry some internal energy) and may be emitted as a 
cluster carrying a negative charge. The products of the same process occurring on Ag 
NPs, i.e. 107Ag-, 109Ag- (Figure 4.3) could not be detected given the low electron affinity 
of Ag.  
Figure 4.3 and 4.6 also show respectively Ag and Au adducts. As noted at the 
outset, these adducts are the result of a multi-step process thought to involve ―NP 
fragmentation cum substrate-molecule fragmentation-recombination‖. The nature and 
yield of adducts depend on the characteristics of the underlying organic substrate. The 
yields for the Ag and Au adducts with different substrates are given in Table 4.1.   
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The Au adducts reported here are two orders of magnitude lower than those 
obtained when the Au400
4+ projectile impacts a glycine, histidine or guanine target 
directly.134 The abundant adduct emission results from a simple process where ―Au 
atoms ablate from the massive Au projectile and then recombine with fragments from the 
target molecule‖.134 The data in Table 4.1 refers to a multi-step process where adducts 
result from the recombination of atoms due to the concurrently occurring fragmentation 
of a NP and of substrate molecules.   
 The methodology was extended to analyze a mixture of the two Au and Ag NPs 
(Figure 4.1c) Au having a high Z value is shown as bright spots whereas, Ag NPs of 
lower Z are seen as darker spots. An  EDX  spectrum was obtained  to further verify the 
presence of both Au and Ag NPs (Figure 4.7). A portion of the TEM was imaged using 
the different level electrons from the respective  consistent metals of the NP (Figure 4.7). 
However, as seen by the image, the technique is unable to resolve the individual NPs 
separately mainly because of the size of the NP. This represents an interesting case where 
a mixture of  NPs of identical size and contain also approximately the same number of 
constituent atoms. The TEM presents a small portion of the grid. An examination of 
several areas of a single layer preparation of Au NPs and Ag NPs showed that they do 
not segregate in separate islands, but rather mix with each other as presented by the EDX 
images (Figure 4.7). A duplicate sample bombarded with a sequence of single C60
+ 
projectiles, produced the mass spectrum shown in Figure 4.8. The mass spectrum of the 
guanine surface prior to the deposition of the mixture of NPs is also presented for comp-
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arison. The SIMS spectra show several Ag adducts: Ag(CN)2
-, Ag2(CN)2
-.  
 The presence of Au NPs is only evidenced by the presence of Au and Au(CN)2
-. 
The yields of adducts such Au(CN)2
- for the different sample is given in Table 4.2. The 
yield of the Au(CN)2
- and the Ag(CN)2
- are decreased in the mixture sample as compared 
to the pristine samples of the NP.  The absence of Aun
- cluster ions in the mass spectrum 
of the mixture of NPs confirms the explanation offered above, on why Aun
- cluster ions 
are detected from a single layer of solely Au NPs on a guanine substrate. In the mixed 
layer, laterally ejected Au fragments from a bulls-eye hit on a Au NP, will either directly 
or after collision(s) with surrounding Au NPs, encounter a neighboring Ag NP and 
implant into the latter. This case is supported by the increase in yield of the deprotonated 
molecule of decanethiol as well as AgSC2
- in the mixture as compared to the pure Ag NP 
sample (Table 4.3 and 4.2 respectively). The increase in the yield of the SAM and the 
AgNP with the skin can be explained by the fact that Au atoms or clusters are better at 
sputtering secondary ions than Ag atoms. The absence of Aun
- cluster ions in the mass 
spectrum is also an additional indication that Au and Ag NPs are in a ho mogenous 
mixture (Table 4.4). Laterally ejected Ag fragments from C60
+ impacts on Ag NPs will 
collide elastically with surrounding Au or Ag NPs. They are, as noted already, unlikely 
to be negatively charged and hence remain undetected in our instrument.  
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Conclusion 
 C60
+ impacts on a single layer of a mixture of individually isolated Ag and Au 
NPs on an organic substrate causes a fascinating array of processes depending on the 
type of impact. Bulls-eye hits can result in ―fragmentation-elastic-collision-cluster 
emission‖. The condition for this sequence of steps is that the NPs surrounding the 
fragmenting one be of equal or higher Z. Further, observation in practice requires that the 
fragmenting NP be of an element with high electron affinity. The purely physical 
sequence competes with a physico-chemical multi-step process resulting in the emission 
of adducts. A judicious choice of the organic substrate enhances the detection sensitivity 
for the metallic NP via the adduct formation. Grazing impacts cause emission of self  
assembled monolayer fragments, including fragments with attached metal atoms. Finally 
impacts in areas not covered by NPs show emission of substrate-specific ions. Clearly 
the characterization of complex nanometric structures via SIMS requires examination of 
signals from individual impacts. To generate detectable signal the individual projectile 
must be massive and energetic, the high energy density imparted in the coll ision volume 
is dissipated via multiple physical and chemical processes. They need to be understood 
for the accurate interpretation of the mass spectrometric data.  
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CHAPTER V 
IMAGING MASS SPECTROMETRY WITH LASER DESORPTION/IONIZATION 
MEDIATED BY SOFT-LANDED NANOPARTICLES* 
Introduction  
Metal NPs have been used extensively in mass spectrometry to analyze 
biologically relevant molecules since 1988.47-50 There exists a challenge to develop a 
preparation method which incorporates the NPs such that one observes uniform signal 
response from all regions of the surface. Conventional methods incorporate the NPs into 
the sample by mixing the NP’s with the analytes.51-53 To be viable for mass spectrometric 
imaging, NP incorporation must be achieved without disrupting the spatial arrangement 
of analyte molecules on the surface. Previously, Woods et al. have demonstrated an 
alternative technique for the incorporation of Au NPs into bioorganic solid material 
which is conducive to imaging applications.143,144 Briefly, an Au LMIS is used to implant 
Au400 clusters (~2nm) into the top layers of biological samples. However, there are only 
a few such Au LMIS sources and they require the sample be introduced to high vacuum.  
 Here we demonstrate the use of an alternative delivery method for depositing a 
layer of Au NP onto the biological surface. The particle delivery system (PDS) utilized 
enables complete deposition at ambient or near-ambient conditions in less than five 
minutes. This PDS is typically used as a gene delivery technique in which heavy metal 
NPs coated with plasmid DNA are injected into multiple cells simultaneously.  It    was  
______________________ 
*Parts of this chapter are  reprinted with permission from JASMS,  S. Rajagopalachary, J.D. DeBord,  
S.D.Sherrod, Z. Zhou, S. V. Verkhoturov, D.H.Russell and E. A. Schweikert, Imaging Mass Spectrometry 
with Laser Desorption/Ionizat ion Mediated by Soft-Landed Nanoparticles . To be  Submitted. Copyright 
[2009] Elsevier. 
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initially developed to introduce foreign nucleic acids into plant cells.145,146 The PDS uses 
a pneumatic pressure differential to accelerate the NPs to supersonic velocities. Impact 
velocity is tunable but is typically on the order of 700 m/s.147  The NPs used in this study 
reach the surface with less than 2 eV/atom kinetic energy. At this impact energy, the 
particles remain intact and do not penetrate the surface.148 All NPs are transferred to the 
sample in one ―shot‖. Additional information about the particle delivery system can be 
found elsewhere.149     
In these initial experiments, Au NPs (5nm) were deposited using the PDS on 
prepared surfaces composed of the peptide fragments dynorphin 1-8 and substance P and 
the amino acid glycine along with isotopically labeled 15N-glycine. The results show 
approximately an order of magnitude increase in signal when compared to the untreated 
sample. These results are concurrent with previously obtained results.143,144 
 
Experimental Section 
Sample Preparation and Au NP Deposition   
 Dynorphin 1-8 (YGGFLRRI, MW 981.2), substance P (RPKPQQFFGLM-NH2, 
MW 1347.64), glycine, 15N-glycine were purchased from Sigma Aldrich. The Au NPs 
(5nm) functionalized with dodecanethiol in toluene were purchased from Nanoprobes 
Inc. The integrity and size distribution were verified by TEM (Figure 5.1).  For the drop-
casted samples, the analytes were dissolved in deionized water at a concentration of 
1nmol/µL . Two µL of each these solutions were deposited at three different spots on a 
stainless steel plate and dried in air. This plate was then introduced into a PDS-1000/He 
87 
 
Biolistic® Particle Delivery System for Au NP deposition. (Figure 5.2) A control plate 
was spotted in an identical manner but was not treated. For the imaging samples, the 
peptides were dissolved in methanol at a concentration of 5nmol/µL and electrosprayed 
one at a time, perpendicular to each other on the stainless steel plate using a mask. For 
the vapor deposited samples, glycine and 15N-glycine were vapor deposited one at a time 
using a mask in the same way so that a cross was formed. These stainless steel plates 
were then treated with Au NPs. Control plates for each of the imaging samples were 
developed using the same procedure but were not treated. For all LDI samples, 100  µL of 
the 5 ppm Au NPs in toluene were deposited on a macrocarrier disk and dried leaving 
approximately 200 µg of NPs. NPs were deposited under 27 in Hg vacuum. The sample 
for STM analysis consisted of glycine vapor deposited onto highly oriented pyrolytic 
graphite (HOPG). Fifty µg of the Au NPs were then deposited on the surface. The 
sample was visualized by STM before (image not shown) and after (figure 4a) the 
deposition of Au NPs. 
 
Laser Desorption/Ionization MS Analysis 
 LDI MS analysis of the treated and the untreated samples was performed using a 
Voyager DE-STR (Applied Biosystems, Foster City, CA) with a 337 nm N2 laser and a
  
 
 
 
88 
 
 
5
0
 n
m
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 F
ig
u
re
 5
.1
. 
T
E
M
 i
m
ag
e
 o
f 
th
e
 d
o
d
ec
an
e
th
io
l 
fu
n
c
ti
o
n
a
li
ze
d
 A
u
 N
P
s 
(~
5
 n
m
) 
in
 t
o
lu
en
e
 d
ep
o
si
te
d
 o
n
 a
 T
E
M
 g
ri
d
. 
S
ca
le
 b
ar
 r
ep
re
se
n
ts
 5
0
 n
m
. 
89 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
F
ig
u
re
 5
.2
. 
S
ch
em
at
ic
 r
ep
re
se
n
ta
ti
o
n
 o
f 
th
e 
p
ar
ti
cl
e 
d
el
iv
er
y
 s
y
st
e
m
 (
P
D
S
) 
u
se
d
 t
o
 s
o
ft
 l
an
d
 A
u
 N
P
s.
 
90 
 
20 kV acceleration voltage. The laser fluence (according to the attenuator gradient) was 
varied from 1500 to 2700. Positive ion mass spectra were obtained from 3 different sums 
of shots (6, 12, 50) on the treated sample and 2 shots (12,50) on the untreated sample as 
6 shots did not yield any signal.  
The samples were analyzed using both reflected and linear mode. Imaging MS 
analyses were performed using the same Voyager DE-STR instrument under optimized 
conditions. Imaging samples were translated in 70 m increments due to the observation 
that the laser spot size was projected onto the sample surface as an ellipse, ca. 70 x 160 
m.  Individual mass spectra represent the average of 50 laser shots.  
 
STM Analysis 
The scanning tunneling microscopy (STM) experiments were conducted at room 
temperature, using an Omicron STM1 in a vacuum chamber with a base pressure lower 
than 2.0 x 10-10 Torr. All images were scanned in constant-current mode with an 
electrochemically etched tungsten tip. All bias voltages are reported with reference to the 
sample.  The highly oriented pyrolytic graphite or HOPG (ZYB quality, 1cm x 1cm x 
1mm, MicroMasch®) was prepared by the scotch tape peeling method.  
 
ToF SIMS Analysis 
 The samples were analyzed using a custom-built SIMS instrument equipped with 
an effusive C60 source. The details of the instrument are described in Chapter II. C60
+ was
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accelerated to 26 keV total impact energy. In all cases approximately two million  events 
were recorded over a 3 mm2  area with a diameter of ~2mm. Hence, the bombardments 
occurred in the ―super-static‖ regime where repeated impacts on the same site are 
practically impossible. 
 
Results and Discussion 
 Figure 5.3a. presents a positive ion mass spectrum of an untreated dynorphin 1-8 
sample obtained with 12 laser shots. After  50 laser shots the intensity of the [M+H]+ ion 
signal goes down compared to 12 laser shots (Figure 5.3 c). The laser fluence was 2590 
according to the laser attenuator gradient. At this laser fluence the positive ion LDI 
spectrum from the untreated control sample (a) shows weak [M+H]+ ion signal. There is 
an enhancement of the protonated molecule and the [M+Na]+ ion in the sample treated 
with Au NPs (b). Figure 5.4 displays peaks observed in the mass spectrum corresponding 
to Au clusters (e.g., Au3
+, Au5
+) . This result is concurrent with previously observed 
results where 5 nm Au NPs were mixed with the analyte.51  
 We obtained similar results from the analysis of substance P (Figure 5.5). All 
mass spectra were obtained with a laser fluence of 2390; however, the untreated control 
sample shows higher relative abundance of both [M+Na]+ and [M+K]+ ions than the 
[M+H]+ ion obtained with 50 laser shots. This trend is also observed for the Au NP 
treated sample as there is an enhancement of the [M+Na]+ and the [M+K]+ signal 
obtained from 2 laser shots. The enhancement is more apparent when the samples are 
compared at 12 laser shots. (Figure 5.5.a,b) 
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The STM and SIMS analyses were undertaken in order to determine the nature of 
the surface following deposition of the Au NPs.  The STM image in Figure 5.6a shows 
that the Au NPs are capable of forming a SAM.  This result is typical for much of the 
region where deposition occurred.  The appearance of a SAM was unexpected due to the 
visually inhomogeneous deposition.  The PDS deposits the NPs in such a way that the 
particle concentration is higher at the center and decreases as the distance from the center 
increases.  The effective concentration range for this study was obtained when the center 
of the shot was focused away from the area of interes t and the peripheral spray of 
particles covered the sample (Figure 5.6). Mass spectra obtained at the center of the shot 
only contained peaks corresponding to the Au NPs because the deposited layer of Au 
NPs was too thick. For this reason we believe the signal enhancement to be greatest in 
regions where a SAM of NPs is created or at a level just below this concentration.  Static 
SIMS analysis was performed to verify the deposited Au NPs were in close proximity to 
the surface.  Substance P was bombarded with individual C60
+ projectiles accelerated to 
26 keV before (Figure 5.7b red) and after (Figure 5.6b black) soft-landing Au NPs. The 
sample shows the presence of strong Au and Au adducts, such as Au(CN)2
-, after the Au 
NP treatment  (Figure 5.7b black), whereas they were absent before the Au NPs were 
soft- landed (Figure 5.7b red). We have reported previously, for such adduct peaks to 
occur it requires the ―NP atomization cum substrate-molecule fragmentation-
recombination‖.142 As the projectile probes a depth of less than 10 nm, this implies that 
the Au NPs were deposited/implanted at such depths.100,143 The rapid decline in signal
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with increased laser shots also suggests that the NPs were located near the surface. Near 
the surface, they are quickly ablated away by the beam and once removed, ionization is 
severely reduced. This phenomenon was also observed by Woods et al.143 
We further tested the efficiency of the particle delivery system deposition process 
for imaging applications. In this case dynorpin1-8 and substance P were electrosprayed 
normal to each other. Figure 5.8a. represents two MS ion images obtained from this 
sample. Green represents the emission of [substance P + Na]+ at m/z 1369.7 which was 
sprayed horizontally and blue represents the emission of [dynorphin 1-8 + H]+ at m/z 
981.5 which was sprayed vertically. The MS ion image at m/z 590.9 shows there is 
emission of Au3
+ over the entire imaged area. Representative mass spectra for each 
analyte is shown in Figure 5.8b. The mass spectra were obtained with a laser fluence of 
2290. The control electrosprayed sample did not yield any signal of significance to image 
at that laser fluence (data not shown).  
The capability of the method to image small molecules was shown using a 
sample of glycine and 15N-glycine (Figure 5.9). Glycine was vapor deposited 
horizontally and the MS ion image for the protonated molecule, [glycine + H]+ (m/z 
76.0), is shown in green. Similarly, 15N-glycine was vapor deposited vertically and the 
MS ion image for [15N-glycine + H]+ (m/z 77.0) is shown in blue. The 15N-glycine was 
vapor deposited after glycine, therefore 15N-glycine is the observed species at the region 
of overlap. It is worth mentioning that we observed a more uniform response from the 
vapor deposited samples than the electrosprayed samples due to the quality of sample
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preparation.  Vapor deposition resulted in a more uniform application of analyte than the 
electrospray procedure used. 
The enhancement of desorption likely arises from a thermally driven mechanism, 
where there is an absorption of the photon energy by the Au NPs stimulating the heating 
of the surrounding analyte volume. Ions are likely to originate from ana lyte molecules 
adsorbed on or around the particle surface.50 Au NPs have been reported to absorb 
photon energy at 337 nm, as used in our study.150, 151 On the other hand, the absorption at 
the heated particle surface can produce the possible overheating which would result in 
the disintegration of the analyte. Perhaps, the self assembled monolayer of dodecanethiol 
on Au NPs reduces the direct thermal load on the analyte by acting as a buffer for the 
analyte molecules upon desorption.50 The effect of the different lengths of this buffer 
region on the enhancement of the signal as well as the fragmentation of the analyte 
molecule remains to be a topic of further investigation.  
 
Conclusion 
 Deposition of Au NPs via the particle delivery system represents an alternative 
method of sample preparation for enhancing ion emission using NPs while completely 
avoiding any solvent effects. Solvent-free deposition of NPs avoids analyte 
delocalization and thereby opens several exciting avenues for label- free biological 
imaging of tissues with microprobes. This technique is currently being applied to tissue 
imaging in our lab. The small particle size (5 nm) allows one to avoid the organic matrix 
crystals of MALDI which can limit the obtainable resolution.53 For this NP matrix, the 
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resolution is theoretically limited to the laser spot size. The NPs can also be tailored for 
specific MS applications152 to elicit analyte specificity153 without altering the sample or 
making the NPs toxic for in vivo studies. This technique should find application in the 
imaging of biomolecules in tissues.  
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CHAPTER VI 
CONCLUSIONS 
 In this study we address the issue of chemically characterizing individual NPs 
including their surfaces and the chemical environment surrounding them. Cluster SIMS 
in the event-by-event bombardment/detection mode was used to effectively characterize 
NPs . Single impacts of Au400
4+ and C60
+ perturb a volume of about 1000 nm3. When the 
NPs are larger than the volume perturbed by the projectile the method allows 
examination of the near surfaces of the NPs. The event-by-event bombardment/detection 
allows to probe surface homogeneity. In our case, the NP and the immediate 
surroundings.  When the dimensions of  NPs are or at below the volume perturbed by a 
single projectile the fundamental chemical process of ionization and emission are notably 
different when compared to bulk emission.  Specific accomplishments can be 
summarized as follows: 
 We have demonstrated that SI emission from NPs of 50 nm or larger are 
comparable to bulk emission. These observations were made on Al NPs. It remains to be 
seen how chemical composition may affect SI emission as a function of size. The lowest 
volumetric limit for bulk emission is yet to be determined.  
 A methodology has been developed by determining surface coverage by the 
concept of effective impacts. The usefulness of NPs often depend on the nature and 
quality of the surface coverage.  
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 The ability to quantitatively determine surface coverage of individual NPs in the 
50-100 nm size range, to our knowledge, a unique feature of event-by-event 
bombardment/detection SIMS. 
 We report on the first observation on the multi-step fragmentation-recombination 
process when nanoprojectile impact a single layer of NPs on an organic substrate. The 
multi-step process requires a head on collision between the projectile and the NP. The 
nature and the abundance of the ionized ejecta from the process depend on the projectile 
target interaction. 
 We could further distinguish ejecta from grazing projectile NP interaction, from 
those generated by head on collision. These observations illustrate the feasibility of 
determining the chemical composition on physically and chemically segregated surfaces, 
with a spatial resolution of a few nm. 
 A mixture of Au and Ag NPs in a single layer has revealed additional surprising 
fragmentation-elastic-collision-cluster-emission process, when NP projectiles collide 
head on NPs. This physical process competes with the multi step process that results in 
adduct emission. 
 In a final set of experiments we have demonstrated the ability of soft landed NPs 
for LDI MS. The novel mode of soft landing NPs using the "gene-gun" holds promise for 
imaging mass spectrometry. Here NPs enable enhanced SI emission in a solvent free 
application, i.e. in a manner that retains the integrity of the spatial distribution of 
molecular species.  
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Proposed Work  
   The characterization of NPs using SIMS in the event-by-event 
bombardment/detection may be extended in several ways: 
 To characterize NPs used in other applications, such as nanotoxicology. NPs 
diffuse, settle, and agglomerate in cell culture media as a function of particle properties: 
media density, viscosity, particle size, shape, charge and density. These NPs have 
adverse effects on the body.154  Here, it is critical to have a chemical understanding of 
single NPs and their location in cells.  Current methodology of analyzing the coating on 
NPs can be used as a quality control to measure the effectiveness of the functionalization 
of these NPs. Principles and procedures can be developed for analysis of thin sections of 
tissues after the dosage of these NPs. The ability to chemically analyze the NP dosed 
tissue, specifically to identify the chemical interaction of the surfaces with neighboring 
biomolecules in the cell, would prove useful.  
 Investigation of the NPs in the positive mode. The study presented here deals 
with characterization of NPs in the negative mode. However, several of the NPs such as 
Ag ionize in the positive mode. Preliminary experiments from our lab have shown that 
the methodology of SIMS in the event-by-event bombardment/detection can be 
performed in the positive mode as well. Results have shown that the instrument can be 
run in positive mode in two ways. The signal from the pulser can be re-routed to act as 
the start for the secondary ToF. Alternatively, photons emitted from the impacts could be 
used as the start signal. Preliminary studies from our lab indicate that photons could be 
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used as start signals for the analysis of various molecules.155 By using the photon signals 
as a start for the secondary ToF, NPs could be studied without the use of a substrate. 
 The collision-fragmentation-recombination studies can be pursued with different 
combinations of NPs and substrates. It would be interesting to investigate the effect of 
substrate make-up on the yield of adducts of fragmentation recombination. Hence, an 
ideal substrate could be judicially determined that produces the maximum yield for the 
adducts. Initial experiments have been performed with NaF, other substrates with 
negative ions of high electron affinity (such as F-, Cl-, and I-) could be investigated. The 
SAM plays an important role in the distribution of the NPs on the surface of the 
substrate. As there are different surface interactions of the SAM molecule with the 
molecules of the substrate. The effect of different surfactant/SAM molecules on the SI 
emission can be investigated by varying the chemical composition and or length of the 
chain. From a fundamental perspective, an investigation of NPs with diameters below 
5nm can be extended to further illustrate the mechanism of secondary recoils. A question 
that needs to addressed is how does the mass spectrum change when the NPs are in a size 
that is much below the volume of emission. Other types of NPs in the same size range 
but of different composition, such as nonmetallic and semiconductor materials could be 
used. The different NP materials would provide test cases for samples with different 
electron emission.  
 The electron emission from the samples can be used to isolate impacts with 
localization. Initial studies have been performed on a mass spectrometer that is capable 
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of combing mass spectrometry with localization. Experiments performed in the 
instrument has shown that the electron emission from different substrates such as 
metallic vs. non metallic are different.156 A sample where NPs are deposited on an 
organic substrate offers an interesting case of heterogeneity below the 1000 nm3 for 
analysis with the this instrument.   
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